The metabolic syndrome (MetSyn) encompasses cardiometabolic risk determinants including visceral obesity, insulin resistance, glucose intolerance, dyslipidemia, nonalcoholic fatty liver disease, and hypertension ([@B1]). Ectopic fat accumulating in the liver, muscle, and pancreas may play an important role, presumably by releasing adipocytokines, which decrease sensitivity to insulin ([@B2]) and promote inflammation ([@B3]).

Blockade of the renin-angiotensin system, by inhibiting the formation of angiotensin II (Ang II) with angiotensin-converting enzyme inhibitors or by angiotensin receptor blockers, yields a significant (25%) reduction in the incidence of new-onset type 2 diabetes ([@B4]). The renin-angiotensin system may also be involved in hepatic inflammation and fibrogenesis ([@B5]) and to adversely affect insulin-mediated glucose uptake in skeletal muscles ([@B6]). In cultured myofibers, Ang II was shown to induce insulin resistance via impaired insulin signaling, independent of its vascular effects ([@B7]). Skeletal muscles are lost in diabetic patients ([@B8]), possibly due to local accumulation of adipocytes that potentially replace muscle cells ([@B9]). Moreover, the skeletal muscle stem cells, satellite cells, of obese Zucker rats apparently display increased adipogenic potential ([@B10],[@B11]). This may account, at least in part, for the inter- and intramuscular adipocyte accumulation characteristics of obesity and the MetSyn and even the sarcopenia associated with aging.

Angiotensin 1-7 (Ang 1-7) opposes many of the adverse cardiovascular effects of Ang II ([@B12]), including hypertension, pregnancy-induced hypertension (preeclampsia), renal disease, heart failure, and cardiac arrhythmia ([@B13]--[@B15]). The best-studied effects of Ang 1-7 are its vasodilator, blood pressure--lowering, and antiproliferative actions in the cardiovascular system. These effects are apparently mediated through Mas, a specific G protein--coupled receptor for Ang 1-7 ([@B16]--[@B22]). Santos et al. ([@B23]) showed that Mas is expressed in the adipose tissue and that Mas-deficient mice develop a MetSyn-like state. In the current study, we evaluated the effect of long-term activation of the Mas receptor by chronic Ang 1-7 treatment on MetSyn in rats fed a high-fructose diet.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Animals and experimental design. {#s2}
--------------------------------

Male Wistar rats (11--13 weeks old, 187 ± 1.3 g; Harlan, Rehovot, Israel) were housed in a light- and temperature-controlled room and were matched for weight in each experiment. All animals were handled according to the guidelines of the National Institutes of Health and the Weizmann Institute of Science for the management of laboratory animals.

Prevention experiment. {#s3}
----------------------

Twenty-one rats served for this set of experiments, all of which were fed with high-fructose/low-magnesium diet (HFrD) (Research Diets, Inc., New Brunswick, NJ) for 26 weeks. Two weeks after the start of HFrD feeding, Alzet pumps filled with Ang 1-7 \[Ang1-7 (DRVYIHP)\] were implanted in six rats. Diet was composed of (in grams) fructose (610), casein (200), soybean oil (25), [l]{.smallcaps}-cystine (12), mineral mix (10), and vitamin mix (10). Magnesium concentration was 0.1% (compared with 1% in the normal chow diet). Low magnesium is known to disturb metabolic control and increase free radical--dependent oxidative tissue damage ([@B24]). Three male Wistar rats fed on normal chow served as one control group for the feeding regimen, and three male Wistar rats that were implanted with Alzet pumps filled with saline and fed on HFrD (HFrDSal) served as a control group for the pump implantation. Body weight was measured monthly, and a glucose tolerance test was carried out at the end of the 23rd week.

Short treatment experiment. {#s4}
---------------------------

Animals were assigned to two groups that were fed for 19 weeks with *1*) HFrD (*n* = 17) or *2*) normal standard chow (*n* = 13). After 19 weeks, Ang 1-7 pumps were implanted into nine HFrD rats and into seven of the normal chow rats. Ang 1-7 was administered via Alzet pumps \[Ang1-7 (DRVYIHP)\] for 1 month (short-term treatment). Body weight, fasting triglycerides (TGs), and glucose tolerance were assessed before and after treatment with Ang 1-7. In an additional treatment experiment, we studied the following groups: rats fed on regular chow (*n* = 3), HFrD rats (*n* = 8), and rats fed for 6 months on HFrD, followed by 2 months of Ang 1-7 treatment (*n* = 6).

Ang 1-7 was synthesized by the solid-phase methodology, using a multiple-peptide synthesizer AMS 422 (Abimed Analyzer Technik GmbH). An Alzet osmotic pump (2ML4; Strategic Applications Inc., Lake Villa, IL) was implanted subcutaneously, and Ang 1-7 (576 μg/kg rat/day in PBS) was delivered continuously at a constant rate for 4 weeks. This dose was chosen based on previous studies showing that Ang 1-7 administered chronically, via a minipump such as the one used by us, is clearly bioactive in the cardiovascular system, in which it has been studied extensively in recent decades (e.g., amelioration of diabetes-related cardiovascular dysfunction) ([@B25]). Insulin resistance was calculated by the homeostasis model assessment of insulin resistance (HOMA-IR) as follows: \[fasting insulin (pmol/L) × fasting glucose (mmol/L)\]/135 ([@B26]). Insulin levels were measured using an insulin radioimmunoassay kit (Diasorin Inc., Stillwater, MN). Glucose levels were measured by the Elite II glucometer (Bayer, Leverkusen, Germany). Serum aldosterone was measured by radioimmunoassay (Siemens, Los Angeles, CA).

Glucose tolerance test. {#s5}
-----------------------

After an overnight fast, samples (*t* = 0) were collected, and a solution of 50% glucose (2 g/kg body weight) was administered intraperitoneally. Blood was collected from the tail vein 30, 60, 90, and 120 min after glucose administration. All blood glucose measurements were performed using a hand-held glucometer (Elite II).

Insulin tolerance test. {#s6}
-----------------------

After a 6-h fast, baseline blood samples were obtained, followed by intraperitoneal injection of insulin (2 units/kg, Actrapid; Novo Nordisk) with blood sampling (from the tail) at 10, 20, 30, 40, 50, and 60 min.

Fat analysis by magnetic resonance imaging. {#s7}
-------------------------------------------

Body fat was measured in six fructose-fed, Ang 1-7--treated rats and five fructose-fed rats by magnetic resonance imaging (MRI; 4.7 Tesla BioSpec Magnet 47/30 USR system; Bruker, Ettingen, Germany) equipped with a gradient coil system capable of producing a pulse gradient of up to 20 G/cm in each of the three dimensions. A detailed description of the MRI and means to calculate fat volume are provided in the [Supplementary Data online](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0792/-/DC1).

Histological analysis. {#s8}
----------------------

After 24 weeks of HFrD in the prevention experiment, rats were killed by sodium thiopental injection. Liver specimens and epididymal fat were fixed overnight in buffered formaldehyde (10%) and embedded in paraffin. Sections from the liver of each animal were stained with hematoxylin and eosin for evaluation of necro-inflammatory grading, oil red O for the evaluation of fatty droplets (macrovesicular or microvesicular steatosis), and masson trichrome for the evaluation of fibrosis. Histological changes were assessed by a modification of the scoring system for grading and staging for nonalcoholic steatohepatitis described by Brunt et al. ([@B27]). All slides were coded to keep the examiner blind to the experimental conditions during morphometric analysis. Five random visual fields (original magnification ×20) per each block (i.e., from each rat) from the liver were photographed, and an area including at least 150 adipocytes was analyzed using Image-Pro software ([@B28]).

Microscope and imaging. {#s9}
-----------------------

Images were acquired using a light Nikon E800 microscope (Nikon Instrument Group, Melville, NY) equipped with a Nikon DXM 1200 camera (Nikon Instrument Group). Measurements were performed using Image-Pro Plus 5.0 for Windows (Media Cybernetics, Bethesda, MD).

Immunohistochemical analyses of fat and liver tissues. {#s10}
------------------------------------------------------

Immunohistochemical analyses of fat and liver tissues were performed on adjacent paraffin sections using monoclonal antibodies against CD68 (a lysosomal membrane glycoprotein on macrophages). Antigen retrieval (epitomics) was performed by autoclaving in 0.01 M citrate buffer (pH 6.0) at 121°C for 10 min followed by 2 h incubation in blocking solution. Sections were reacted with a mouse monoclonal anti-CD68 primary antibody (1:200, MCA341GA; Serotec) overnight at 4°C according to a previously described method with minor modifications ([@B28]).

Tissue homogenization and Western blot analysis. {#s11}
------------------------------------------------

Epididymal adipose tissue was homogenized with a Polytron in homogenization buffer (50 mM HEPES, pH 7.5, 0.5% NP-40, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1.5 mM MgCl~2~, containing 1% protease inhibitor cocktail). The protein concentration was determined based on the Bradford assay. For nuclear extracts, tissues were homogenized on ice with a glass homogenizer using the buffer for nuclear extracts (50 mmol/L sodium phosphate buffer, pH 7.4, containing 1 mmol/L EDTA, 1% Triton X-100, 1 mmol/L 2-mercaptoethanol, 20 μg/mL leupeptin, and 1 μg/mL pepstatin). In brief, equal amounts of proteins were fractioned by SDS-PAGE, and proteins were then transferred to a nitrocellulose membrane (Protean nitrocellulose 85; Schleicher & Schuell, Dassel, Germany). Membranes were blocked with 20 mmol/L Tris, pH 7.6, 137 mmol/L NaCl, containing 0.1% Tween 20 and 2% BSA (TBST) for 60 min at room temperature, after which they were washed and incubated overnight at 4°C with the following antibodies: general extracellular signal--related kinase (ERK), p-ERK, glyceraldehyde-3-phosphate dehydrogenase (1:1,000; Sigma-Aldrich, St. Louis, MO), fatty acid synthetase (FAS), p-nuclear factor-κB (NFκB) p65 sc-33039, and MAS1 sc 54848 (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA). The membranes were subsequently washed and incubated for 1 h with peroxidase-labeled secondary antibody and processed for enhanced chemiluminescence (GE Healthcare, Danyel Biotech, Rehovot, Israel).

Measurement of O~2~^−^ production. {#s12}
----------------------------------

Equal weights of epididymal fat from HFrD rats (*n* = 4), HFrD Ang 1-7--treated rats (*n* = 4), and rats fed on normal chow (*n* = 3) were homogenized manually on ice with a glass homogenizer (Kontes, Vineland, NJ) by 10 strokes in 1 mL of homogenization buffer (20 mmol/L Tris-HCl, pH 7.4, 255 mM sucrose, 2 mmol/L EDTA, 2 mmol/L EGTA, 2 mmol/L dithiothreitol, 10 μg/mL leupeptin, and 0.1 mM phenylmethylsulfonyl fluoride). NADPH (100 µM) was added to 100 μL of lysate and incubated for 30 min at 37°C. O~2~^−^ production was measured by addition of 5 µM lucigenin. The luminescence due to lucigenin was measured using VICTOR *X* multilabel plate readers (PerkinElmer, Waltham, MA). Arbitrary light counts were normalized using the Bradford protein assay.

Isolation and culture of extensor digitorum longus myofibers. {#s13}
-------------------------------------------------------------

Single muscle fibers were isolated from the extensor digitorum longus muscle as previously described ([@B29]).

Immunofluorescence. {#s14}
-------------------

Primary antibodies were monoclonal and produced in mouse. Antibodies were diluted in the blocking solution (Tris-buffered saline, 1% goat serum). The following primary antibodies were used: anti-Pax7, mouse mAb \[ascites fluid, 1:2,000 dilution; Developmental Studies Hybridoma Bank (DSHB)\]; anti-MyoD, mouse mAb (IgG1, clone 5.8A, 1:800; BD Biosciences); and antisarcomeric myosin, mouse mAb (IgG2b, clone MF20, hybridoma supernatant, 1:20; DSHB).

Determination of the percent of myogenic cells out of total cells in myofiber cultures. {#s15}
---------------------------------------------------------------------------------------

Myogenic cells were detected in freshly isolated extensor digitorum longus myofiber cultures by coimmunolabeling with Pax7, which identifies proliferating myogenic cells, MyoD, which is a muscle-specific marker of proliferating and differentiating cells. Cultures were also immunostained with an antibody that recognizes skeletal muscle sarcomeric myosin, which identifies differentiating and fusing myogenic cells. The total number of nuclei present in the cultures was determined based on counting DAPI-positive nuclei. The percent of myogenic cells per culture was determined by calculating the relative number of myogenic cells out of total nuclei. Using a 20× objective, all cells within each culture were analyzed. Three images were acquired per field, using phase and fluorescent channels (red: Pax7, MyoD, and skeletal muscle sarcomeric myosin; blue: DAPI). Imaging was performed with an inverted fluorescent microscope (Axiovert 200M + AxiocamMRm monochrome CCD camera; Zeiss), controlled by AxioVision 4.4 Imaging System.

Statistics. {#s16}
-----------

Data are presented as mean ± SEM values calculated from at least six animals in each group. Results were analyzed using Student *t* test when data from two experimental groups were compared or ANOVA followed by post hoc Bonferroni multiple comparison test when data from three or more groups were studied. A nonparametric test was used when data did not distribute normally. *P* \< 0.05 was considered statistically significant. The statistical analysis was performed using SPSS version 15 and STATISTICA version 9.

RESULTS {#s17}
=======

Metabolic characteristics of Ang 1-7--treated and untreated rats. {#s18}
-----------------------------------------------------------------

After 6 months of feeding on HFrD with or without saline pumps, HFrDSal rats developed the MetSyn whereas rats fed on normal chow did not ([Table 1](#T1){ref-type="table"}). Ang 1-7--treated rats had significantly lower body weight than the HFrD and HFrDSal groups (457 ± 8.5, 505 ± 12.5, and 538.7 ± 14.4 g, respectively; *P* \< 0.05) ([Table 1](#T1){ref-type="table"}). Remarkably, chronic treatment with Ang 1-7 significantly decreased fasting glucose and TG levels in comparison with the values measured in the HFrD and HFrDSal rats (*P* \< 0.05). Additionally, HFrD Ang 1-7--treated rats had a significantly lower plasma renin concentration and serum aldosterone than the HFrD rats (94 ± 6.02 vs. 151 ± 9.2 ng/mL/h and 259.2 ± 32.5 vs. 543.2.7 ± 48.4 pmol/L, for renin and aldosterone, respectively; *P* \< 0.05).

###### 

Effect of chronic Ang 1-7 infusion on metabolic parameters in the fructose-fed rat

![](1121tbl1)

In the short-term (4 weeks) Ang 1-7 treatment experiment, there was no significant difference in weight gain between HFrD rats treated and untreated with Ang 1-7 (13 ± 3.3 vs. 17 ± 3.9 g, *P* = 0.4). When Ang 1-7 was administered chronically for 6 months, rats gained similar weight compared with rats fed on normal chow (143.6 ± 5.7 vs. 143.33 ± 8.7%, *P* = 0.39). Moreover, HFrD and HFrDSal groups showed a weight gain of 159.8 ± 4.98 and 150.22 ± 4.75%, respectively.

Serum TG levels were markedly higher in the HFrD compared with normal chow rats (3.11 ± 0.45 vs. 0.98 ± 0.05 mmol/L, *P* \< 0.05). No change in serum TGs was noted in rats that were fed with normal chow and treated with Ang 1-7. There was a marked reduction of serum TGs, insulin levels, and HOMA-IR in rats that were fed on HFrD and treated with Ang 1-7 for 1 month (3.11 ± 0.45 vs. 2.43 ± 0.32 mmol/L, *P* \< 0.05, 184 ± 13.9 vs. 120 ± 16 pmol/L, *P* \< 0.05, and 5.26 ± 0.08 vs. 3.4 ± 0.08, *P* \< 0.05, respectively) ([Supplementary Appendix](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0792/-/DC1)).

Chronic treatment with Ang 1-7 improves insulin sensitivity of HFrD rats. {#s19}
-------------------------------------------------------------------------

The response to an intraperitoneal glucose tolerance test (IPGTT) after 6 months of Ang 1-7 treatment is shown in [Fig. 1](#F1){ref-type="fig"}. Compared with the HFrD group, the Ang 1-7--treated group presented a significantly smaller rise in glucose, as reflected in the area under the curve (AUC) of glucose levels during the IPGTT (589.3 ± 51.6 vs. 279.3 ± 71.2 mmol/L, respectively, *P* \< 0.001) ([Fig. 1*A*](#F1){ref-type="fig"}). Differences in glucose levels were prominent at 30, 60, and 90 min after the injection (10.9 ± 2.2 vs. 16.85 ± 1.01, 6.6 ± 0.2 vs. 8. 39 ± 0.48, and 5.4 ± 0.3 vs. 6.6 ± 0. 25 mmol/L, respectively; *P* \< 0.05) ([Fig. 1*B*](#F1){ref-type="fig"}).

![Insulin sensitivity tests. *A* and *B*: Glucose tolerance test. Ang 1-7--treated rats (*n* = 6) had normal levels of basal serum glucose and insulin but a significantly attenuated increase in serum glucose response to acute (2 g/kg) intraperitoneal glucose challenge, compared with fructose-fed rats (*n* = 9, *P* \< 0.05), as revealed by the AUC analysis (*A*). Glucose levels were measured 30, 60, and 90 min after injection and were significantly reduced by Ang 1-7 at 30, 60, and 90 min postinjection (*P* \< 0.05) (*B*). Data are presented as the mean value ± SEM. *C*: Intraperitoneal insulin tolerance test. Ang 1-7 rats had increased insulin sensitivity with a more prominent and prolonged hypoglycemic effect of insulin. Changes in basal (*t* = 0) blood glucose levels after intraperitoneal insulin administration were measured every 30 min over a total period of 120 min. Ang 1-7 treatment led to a significant hypoglycemic reaction at 30 and 120 min post--insulin reduction (*P* \< 0.05). Data are presented as the mean value ± SEM. \**P* \< 0.05.](1121fig1){#F1}

In the short treatment arm, there was no difference in glucose levels during IPGTT between the control and the Ang 1-7--treated rats (*P* = 0.55). However, glucose levels during the IPGTT were significantly lower in HFrD rats that were treated with Ang 1-7 compared with the untreated rats (*P* \< 0.05) (see AUC in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0792/-/DC1)).

Insulin sensitivity was further tested by means of the insulin tolerance test. After a 6-h fast, the chronic HFrD/Ang 1-7--treated and normal chow groups had lower glucose levels compared with the HFrD rats 30 and 120 min after insulin (2 units/kg rat) administration (2.13 ± 0.2 and 1.59 ± vs. 3 ± 0.3 and 1 ± 0.1 and 1.28 ± 0.130 vs. 1.55 ± 0.2 mmol/L, respectively; two-way ANOVA, *F*~(2,74)~ = 6.5146, *P* = 0.05) ([Fig. 1*C*](#F1){ref-type="fig"}). Additionally, hypoglycemia developed earlier and recovery from hypoglycemia was delayed in the Ang 1-7--treated group. The AUC analysis did not reveal any difference, however (as can be inferred from [Fig. 1*C*](#F1){ref-type="fig"}).

Fat analysis by MRI. {#s20}
--------------------

Chronic treatment with Ang 1-7 decreased total body fat and subcutaneous fat: 29.593 ± 2.349 vs. 38.054 ± 2.161 cm^3^ (*P* \< 0.05) and 23.056 ± 2.183 vs. 10.432 ± 1.097 cm^3^ (*P* \< 0.05), respectively. Visceral fat was not measured ([Fig. 2](#F2){ref-type="fig"}).

![MRI analysis of total and subcutaneous fat. Total and subcutaneous (red arrow pointing to subcutaneous fat) fat was significantly reduced in the 6-month HFrD Ang 1-7--treated rats (*n* = 6) (*A*) compared with HFrD-untreated rats (*n* = 5) (*B*). Averages ± SEM of total and subcutaneous fat in all studied groups are presented in *C* and *D*. \**P* \< 0.05. (A high-quality color representation of this figure is available in the online issue.)](1121fig2){#F2}

Adipocyte size and inflammation. {#s21}
--------------------------------

Epididymal adipocytes in the Ang 1-7--treated animals were markedly smaller than those of the two control groups (mean adipocyte area: 4,133 ± 326 vs. 7,962 ± 1,161 and 8,687.925 ± 75.74 µm^2^, *P* = 0.008) ([Fig. 3*A*](#F3){ref-type="fig"} and [*B*](#F3){ref-type="fig"}). Significantly less macrophages (CD68^+^ cells) were detected in the epididymal fat of Ang 1-7--treated rats, suggesting lesser inflammation (5 ± 2 vs. 63 ± 35 CD68^+^ cells per 20× field, *P* \< 0.05) ([Fig. 3*C*--*F*](#F3){ref-type="fig"}).

![Histological sections of epididymal fat tissue. Tissue sections from Ang 1-7--treated rats (*n* = 6) (*A* and *B*) display many small adipocytes and fewer large adipocytes (a field "enriched" with large adipocytes is shown in *B*). The large adipocytes did not display inflammatory infiltration. Tissue from HFrD and HFrDSal rats (*n* = 9) (*C*--*G*) displays large adipocytes with inflammatory infiltration (*C*, *E*, and *F*), mostly of macrophages (CD68 staining) (*G*). um, μm.](1121fig3){#F3}

Grading and staging of degree of fatty liver infiltration. {#s22}
----------------------------------------------------------

Ang 1-7--treated rats had diminished fat accumulation in the liver (*P* \< 0.05), reduced lobular inflammation (*P* \< 0.05), and less fibrosis (*P* \< 0.05). No significant change was noted in portal inflammation ([Fig. 4](#F4){ref-type="fig"}).

![Histological sections of the liver from animals in the prevention arm. Photomicrographs of portal (*A*--*C*) and central (*D* and *E*) regions of liver samples stained with hematoxylin and eosin (H & E). Portal areas of livers from HFrD Ang 1-7--treated rats (*n* = 6) (*A*, *F*, *H*, and *J*) and HFrDSal (*C*) and HFrD rats (*n* = 9) (*B*, *G*, *I*, and *K*) stained with oil red O (O-R O) (*F* and *G*), CD68 (*H* and *I*), and masson trichrome (MTC) (*J* and *K*). Original magnification ×40. Scale bar, 100 μm.](1121fig4){#F4}

Treatment of HFrD rats with Ang 1-7 is associated with decreased phosphorylation of P65NFκB and [erk]{.smallcaps} in epididymal fat. {#s23}
------------------------------------------------------------------------------------------------------------------------------------

Since the ERK and NFκB pathway are key molecules in antioxidative/anti-inflammatory pathways, we examined the abundance of these molecules in the nuclei of adipocytes (from epididymal adipose tissue) of Ang 1-7--treated rats. Chronic treatment with Ang 1-7 resulted in decreased phosphorylation of P65NFκB (21 ± 1.43 vs. 53 ± 9.8 units, *P* = 0.03) ([Fig. 5*C*](#F5){ref-type="fig"}) and ERK (68.8 ± 3.4 vs. 81.6 ± 2.3 units, *P* = 0.01) ([Fig. 5*D*](#F5){ref-type="fig"}).

![Expression of pP65NFκB, FAS, MAS, and activated ERK in the epididymal fat of rats treated with Ang 1-7 for 6 months (*n* = 6) and control rats (*n* = 9). Ang 1-7 treatment significantly reduced the levels of phosphorylated p65 (*A*) and of phosphorylated ERK (*C*). Elevated levels of FAS were evident in the Ang 1-7--treated group (*B*); however, no downregulation of the Ang 1-7 receptor, MAS, was detected (*D*). Bar graphs represent a quantification of the respective protein expression levels from at least three experiments. Data are presented as mean ± SEM. \**P* \< 0.05.](1121fig5){#F5}

Ang 1-7 upregulates FAS expression in adipose tissue. {#s24}
-----------------------------------------------------

FAS is involved in adipocyte lipid accumulation by regulating de novo lipogenesis from acetyl-CoA, malonyl-CoA, and NADPH. FAS is expressed at high levels in adipose tissue, liver, and lung. Treatment with thiazolidinedione, which ameliorates insulin resistance, is known to upregulate the adipocyte lipid storage genes diacylglycerol transferase and *FAS* ([@B30]). By upregulating these genes, adipocytes efficiently store lipids and prevent ectopic lipid deposition. A sucrose-rich diet is known to decrease FAS activity in adipose tissue ([@B30]). As shown in [Fig. 5*B*](#F5){ref-type="fig"}, 6 months of Ang 1-7 treatment induced the upregulation of FAS expression in epididymal fat (31 ± 2.9 vs. 20.3 ± 1.3, arbitrary density units, *P* = 0.01) ([Fig. 5*C*](#F5){ref-type="fig"}).

Mas receptor is expressed in adipose tissue and chronic Ang 1-7 treatment further upregulates its expression. {#s25}
-------------------------------------------------------------------------------------------------------------

Mas protein was detected in epididymal fat by Western blot analyses. Further, chronic treatment with Ang 1-7 for 6 months upregulated Mas expression in HFrD rats (55 ± 2 vs. 43.8 ± 2.8, arbitrary density units, *P* = 0.01) ([Fig. 5*A*](#F5){ref-type="fig"}).

Effect of Ang 1-7 treatment on O~2~^−^ production in epididymal fat. {#s26}
--------------------------------------------------------------------

Fructose-fed rats have increased expression and activation of aortic NADPH oxidase, increased ventricular and vascular superoxide anion production ([@B31]), and elevated levels of free radical hydrogen peroxide ([@B32]). As blockade of Ang II receptor ameliorates adipocytokine dysregulation partly by decreasing oxidative stress in adipose tissue ([@B33]), we postulated that treatment with Ang 1-7 may have a similar effect. The lucigenin-enhanced chemiluminescence method was used to quantify the production levels of superoxide upon NADPH stimulation. Our results show that in epididymal fat homogenates, NADPH stimulated superoxide production, and that this stimulation was significantly lower in HFrD Ang 1-7--treated rats (42 ± 8%) than in untreated HFrD rats (165 ± 47% of control rats, *P* \< 0.04) ([Fig. 6](#F6){ref-type="fig"}).

![Epididymal fat NADPH-stimulated superoxide production as measured by lucigenin-enhanced chemiluminescence. Superoxide production was significantly lower in HFrD rats treated with Ang 1-7 compared with HFrD-untreated rats \[fructose untreated (*n* = 5), 165 ± 47% of control rats; fructose + Ang 1-7 (*n* = 5), 42 ± 8% of control rats (*n* = 3); *P* \< 0.05 in comparison with control values\]. Data are presented as the mean ± SE. \**P* \< 0.05. (A high-quality color representation of this figure is available in the online issue.)](1121fig6){#F6}

Effect of Ang 1-7 treatment on skeletal muscle tissue ex vivo. {#s27}
--------------------------------------------------------------

To evaluate the effect of continuous infusion of Ang 1-7 on skeletal muscles, we cultured single myofibers for 10 days and determined the percent of myogenic cells out of total cells. Myofibers isolated from fructose-fed, Ang 1-7--treated rats gave rise to cultures that contained ∼80% myogenic cells and ∼20% nonmyogenic cells, whereas cultures that developed from myofibers isolated from fructose only--treated rats were composed mostly of nonmyogenic cells. Fully differentiated adipocytes were present in most cultures that developed from myofibers from control rats. No adipocytes were detected in cultures from Ang 1-7--treated rats ([Fig. 7](#F7){ref-type="fig"}). This suggests that the balance between myogenic and nonmyogenic cells is adversely affected under insulin-resistant conditions and that Ang 1-7 is involved in tipping the scale toward myogenesis.

![Immunofluorescence of 10-day myofiber cultures. Individual myofibers were isolated from HFrD rats that were not (*A*, *A*′, and *A*′′) or were treated with Ang 1-7 (*B*, *B*′, and *B*′′). At least nine cultures per rat (three HFrD and four HFrD Ang 1-7 rats) were reacted with DAPI to allow visualization of nuclei (*A*′ and *B*′) and sarcomeric myosin for specific identification of skeletal muscle cells (*A*′′ and *B*′′). Scale bar, 20 μm.](1121fig7){#F7}

Metabolic effects of Ang 1-7 treatment of rats with established MetSyn. {#s28}
-----------------------------------------------------------------------

In addition to establishing the combined long-term effects of Ang 1-7 and HFrD, we examined the influence of 2 months (i.e., short term) of Ang 1-7 treatment in rats already afflicted with the dysmetabolic effects of long-term consumption of HFrD. The working hypothesis was that Ang 1-7 not only prevents but also is able to mend the metabolic disturbances seen with the MetSyn.

For this, we studied the following groups: rats fed on regular chow (*n* = 3), HFrD rats (*n* = 8), and rats fed for 6 months on HFrD followed by 2 months of Ang 1-7 treatment (*n* = 6).

By the end of this 2-month intervention, we found that HFrD Ang 1-7--treated rats weighed less than the HFrD-untreated rats (HFrD, 543 ± 27.2 g; HFrD + Ang 1-7, 518.3 ± 17.5 g; normal chow, 501 ± 16.5 g; *P* \< 0.05; baseline weights of the HFrD groups were not different), had lower total body fat mass (HFrD, 43.3 ± 0.7 cm^3^; HFrD + Ang 1-7, 39.6 ± 1.25 cm^3^; normal chow, 27.36 ± 1.6 cm^3^; *P* \< 0.05), had lower visceral fat mass (HFrD, 28.5 ± 0.7 cm^3^; HFrD + Ang 1-7, 24.7 ± 1.5 cm^3^; normal chow, 18.5 ± 0.66 cm^3^; *P* \< 0.05), and had lower serum TGs (HFrD, 266.3 ± 30 mg/dL; HFrD + Ang 1-7, 173.5 ± 25.5 mg/dL; normal chow, 104.6 ± 5 mg/dL; *P* \< 0.05). Of note is the finding that in parallel to the effect of long-term Ang 1-7 treatment, just 2 months of Ang 1-7 treatment administered at a late phase of exposure to high fructose intake was sufficient to induce reduction in the mean size of epididymal fat cells (HFrD, 5,990 ± 721 µm^2^; HFrD + Ang 1-7, 3,862 ± 599 µm^2^; normal chow, 3,671 ± 767 µm^2^; *P* \< 0.05).

Using an insulin challenge dose of 0.8 units/kg of regular insulin (injected after a 6-h fast), 2 months of treatment with Ang 1-7 clearly increased the sensitivity to insulin. As compared with the HFrD-only and normal chow rats, glucose levels were lower in the HFrD rats treated with Ang 1-7, as measured 50 and 60 min after the intraperitoneal insulin injection (42.1 ± 2.3 vs. 55 ± 1.92 and 51.6 ± 4.97 mg/dL, respectively, at 50 min; two-way ANOVA, *F*~(2,\ 105)~ = 4.1404, *P* \< 0.05). The postinsulin glucose nadir value was also the lowest and most prolonged in the Ang 1-7--treated group (39.2 ± 2.6 vs. 49.25 ± 2.07 and 51.6 ± 4.46 mg/dL at 60 min postinsulin injection, respectively, *P* \< 0.05).

DISCUSSION {#s29}
==========

In this study, we show that in fructose-fed rats, chronic treatment with Ang 1-7 resulted in multiorgan protection from the effects of the MetSyn, including reduction in weight gain, insulin resistance, TGs and aldosterone levels, adipositis, and hepatosteatitis. Additionally, in vivo Ang 1-7 treatment *1*) improved the myogeneity of primary skeletal muscle fiber cultures compared with cultures from untreated fructose-fed rats and *2*) eliminated the formation of adipocytes in this setting. Of critical significance is the finding that 4 weeks of Ang 1-7 treatment of fructose-fed rats was associated with improvement in glucose sensitivity and fasting hypertriglyceridemia without any changes in body weight. Hence, Ang 1-7 can affect glucose and fat trafficking in vivo prior to, and therefore independent of, changes in body weight. Still, a role for the somewhat lower weight (∼9.5%) attained by very long Ang 1-7 treatment in fructose-fed rats in some of the long-term findings in this study cannot be entirely excluded. Our data show an improvement in insulin resistance upon Ang 1-7 treatment, suggesting that Ang 1-7 could have a potential role in the treatment of the MetSyn. This is in concert with recent papers of Santos et al. ([@B23],[@B34]) and Giani et al. ([@B35]), showing the evolution of the MetSyn-like state with Mas deficiency and improved insulin resistance with Ang 1-7 treatment.

We used an experimental model in which insulin resistance evolves spontaneously ([@B36]). The uniqueness of this model is that it features many similarities with the development of insulin resistance in humans that feed on a high-carbohydrate diet. Under these conditions, insulin resistance is acquired as a result of activation of the sympathetic nervous system, increased production of vasoconstrictors such as endothelin-1, Ang II, and prostanoids in conjunction with increased oxidative stress ([@B37]). Additionally, choosing this specific type of diet was based on its similarity to the Western diet in that the consumption of fructose significantly increased and that of magnesium decreased. Moreover, elevated fructose and lower magnesium were suggested to have direct causal deleterious effects in the epidemics of obesity and type 2 diabetes both in pediatric and adult populations ([@B38]). In the choice to enrich the diet with fructose up to 60% \[compared with 10% described in the article of Giani et al. ([@B35])\], we aimed to study the effects of Ang 1-7 on a more severe state of chronic dyslipidemia and hyperglycemia.

Shinozaki et al. ([@B39]) reported that in fructose-fed rats, insulin resistance is associated with upregulation of the AT1a receptor and increased endothelial O~2~^−^ production caused by activation of NADPH oxidase. Furthermore, blockade of the AT1 receptor reversed these effects ([@B32]). Here we found elevated superoxide production in the rat\'s epididymal fat, which was countered by Ang 1-7 treatment. Moreover, Ang 1-7 also reduced the activation of NFκB and ERK in adipose tissue, which accords with the decrease in adipose tissue macrophages and improved fat cell size and function (as implied by increased FAS expression).

Increased fat accumulation in the liver is a marker of hepatic insulin resistance and a close correlate of all components of the MetSyn, independent of obesity ([@B40]). Fatty liver is also an independent predictor of the MetSyn, type 2 diabetes, and cardiovascular disease ([@B41]). Adipose tissue inflammation and a fatty liver seem to coexist, but the direction of causality, if any, is unclear. In mice, overexpression of CCL2 (MCP1) in adipose tissue leads to macrophage accumulation and steatosis ([@B42]), whereas CCR2 (CCL2 receptor) deficiency reduces adipose tissue macrophage content, increases adiponectin expression, and ameliorates hepatic steatosis ([@B43]). On the other hand, hepatic activation of NFκB in mice via overexpression of IκB kinase β induces insulin resistance in the liver and signs of systemic inflammation (increase in serum IL-6) and insulin resistance in skeletal muscle ([@B44]).

We found adipositis and steatohepatitis in the HFrD group, but rats treated with Ang 1-7 showed reduced hepatic fat accumulation, lobular inflammation, and fibrosis. This is concordant with observations that the Ang 1-7 antagonist (A-779) aggravates hepatic fibrosis in a model of bile duct ligation ([@B45]). Here we noticed that liver fibrosis induced simply by dietary means (i.e., high fructose), which corresponds better with nonalcoholic liver disease in humans ([@B46]), could be prevented by Ang 1-7.

Aldosterone may have a role in the pathogenesis of the MetSyn. The prevalence of the MetSyn is higher in patients with primary hyperaldosteronism than in essential hypertension ([@B47]). Moreover, aldosterone, through nongenomic actions, can interfere with intracellular insulin signaling and lead to impaired glucose homeostasis and systemic insulin resistance in skeletal muscle, liver, and cardiovascular tissue ([@B48]). The significant reduction in aldosterone levels upon prolonged Ang 1-7 treatment was concordant with parallel effects on circulating plasma renin activity. However, additional interactions cannot be excluded, such as a direct adrenal effect of Ang 1-7 or indirect effects through renin or aldosterone-releasing factor, which is released from adipocytes in response to oxidative stress load. This reduction in aldosterone may have contributed to some of the beneficial effects of Ang 1-7, particularly the reduction in liver fibrosis and NADPH oxidase activity.

This is the first report that Ang 1-7 treatment in vivo can modify the myofiber culture phenotype as studied ex vivo. Whereas myofibers derived from Ang 1-7--treated rats gave rise to cultures that contained 80% myogenic cells and were entirely devoid of fully developed adipocytes, myofiber cultures from the HFrD control rats were composed mostly (i.e., 60%) of nonmyogenic cells, including fully differentiated fat cells. This finding is of interest in light of the direct correlation between the enhanced content of intermuscular adipocytes and insulin resistance ([@B9]). The development of nonmyogenic cells (such as adipocytes or fibroblasts) in addition to myoblasts in cultures emanating from myofibers has put forth the hypothesis that satellite cells may possess mesenchymal plasticity and can thus embark on a nonmyogenic differentiation path. Alternatively, such nonmyogenic cells may be the progeny of mesenchymal stem cells present in the muscle that were co-isolated with the myofiber. Regardless of their origin, augmentation of nonmyogenic cells instead of muscle cells may impede proper muscle function and repair. Because sarcopenia is a major obstacle in aging and diabetes ([@B8]), the possibility that Ang 1-7 may somehow participate in satellite cell commitment to take on a preferentially myogenic route is of much potential interest and deserves further elucidation.

Further studies are needed to scrutinize the effects of Ang 1-7 in the MetSyn. The beneficial effects we report here may be related to the direct anti-inflammatory and antioxidative effects of Ang 1-7 or to opposing Ang II effects (i.e., indirect effects). Recently, Ang II was shown to decrease ligand-mediated peroxisome proliferator--activated receptor γ transcriptional activity through increased Bcr expression and kinase activity ([@B49]), whereas Ang 1-7 may increase peroxisome proliferator--activated receptor γ expression ([@B50]). Thus, new potential metabolic interactions between Ang II and Ang 1-7 must be explored in the context of the MetSyn.

In all, our results demonstrate that chronic treatment with Ang 1-7 had an ameliorating effect on insulin resistance, hypertriglyceridemia, fatty liver, obesity, and adipositis in the HFrD rats. Further, the balance between myogenic and nonmyogenic (including adipogenic) cells in skeletal muscle is impaired in this model of the MetSyn, but can be favorably affected by long-term Ang 1-7 administration. These results comprise the first evidence that Ang 1-7 can provide multisystem protection from the metabolic sequels of exposure to high fructose.
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